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We propose and demonstrate a spin-filter diode based on semimagnetic semiconductor
ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe heterostructures. It is found that the degree of spin
polarization greatly depends on the electric field direction and its magnitude. There is significant
difference of the spin polarization between under forward bias and under reverse bias. It is also
found that the spin polarization will reverse under relatively small magnetic field, which is
originated from resonant enhancement effect for spin-up electrons tunneling through effective
steplike potential of the corresponding structure. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1485121#Recently the nascent field called ‘‘spintronics,’’ where it
is not the electron charge but the electron spin that carries
information, has attracted increasing attention.1–14 Spintron-
ics offers opportunities for a new generation of devices com-
bining standard microelectronics with spin-dependent ef-
fects, which arise from the interaction between the spin of
carriers and the magnetic properties of the materials. A great
deal of progress has been achieved in spin injection and in
spin transport. Experimentally, transporting a spin-polarized
current across the interface between magnetic semiconduc-
tors and nonmagnetic semiconductors has been realized and
demonstrated.8–10 Further, Malajovich et al.11 studied GaAs/
ZnSe heterostructures as building blocks for semiconductor
spintronics and found that the efficiency for injecting spin
from GaAs to ZnSe is significantly enhanced by applying an
electrical bias. Awschalom’s group reported that spin coher-
ence can be controlled in a specially designed AlxGa12xAs
quantum well in which the Al concentration x is gradually
varied across the structure.12 Theoretically, studies13,14 indi-
cated that there exists strong spin filtering for electron tun-
neling through semimagnetic semiconductor heterostruc-
tures.
In this letter we propose a spin-filter diode based on
ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe heterostructures,
where the symmetrical behavior is broken under positive
~forward! and negative ~reverse! dc bias. Significant diode
characteristics of spin polarization in such heterostructures
are found.
In Mn-based semimagnetic semiconductor systems con-
duction electrons interact with the 3d electrons of the local-
ized magnetic moments of the Mn ions via the sp-d ex-
change interaction, which can be written as a Heisenberg-
type Hamiltonian H int52( iJ(r2Ri)SSi . Here r and S are
the position and the spin of the conduction electron, Ri and
Si are positions and spins of i numbers Mn21 ions, respec-
tively. Within mean field and for a magnetic field along the z
a!Electronic mail: guoy66@tsinghua.edu.cn4590003-6951/2002/80(24)/4591/3/$19.00
Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject toaxis, the sp-d exchange interaction gives rise to a spin-
dependent potential
Vsz52N0a1szxeff^Sz1&Q~z !Q~L12z !
2N0a2szy eff^Sz2&Q~z2L1!Q~L11L22z !. ~1!
Here, N0a1 and N0a2 are the electronic sp-d exchange con-
stants in the two semimagnetic semiconductor layers, sz are
the electron spin components 61/2 ~or ↑ , ↓! along the mag-
netic field, xeff5x(12x)12 and y eff5y(12y)12 are the effective
Mn concentrations used to account for antiferromagnetic
pairing, x and y are real Mn concentrations, ^Sz1& and ^Sz2&
are the thermal averages of zth component of Mn21 spin
@modified 5/2 Brillouin functions (5/2)B5/2(5mBB/kBTeff),
where Teff(5T1T0) is the effective temperature depicting the
Mn-Mn interaction phenomenologically#, Q(z) is the Heavi-
side function, L1 and L2 are the widths of two Zn12xMnxSe
and Zn12yMnySe paramagnetic layers, respectively. Under
an applied bias Va along the z axis, the Hamiltonian of an
electron in the framework of the parabolic-band effective-
mass approximation can be written as
H5
1
2me*
~P1eA!21V0~z !1Vs1Vsz~z !2
eVaz
Lt
, ~2!
where V0(z) is the zero magnetic field potential profile of
ZnSe/Zn12xMnxSe structure, Vs5 12 gsmBsB describes the
Zeeman splitting of the electron, and Lt5L11L2 . We intro-
duce the effective potential U(z ,B)5V0(z)1Vs1Vsz(z),
which is both magnetic-field dependent and spin dependent.
In the absence of any kind of electron scattering the motion
along the z axis is decoupled from that in the x2y plane.
The in-plane motion is quantized in Landau levels with en-
ergies En5(n11/2)\vc , where n50,1,2,.. . and vc
5eB/me* ~we assume a single electron mass me* throughout
the heterostructure!. Therefore, the motion of the electrons
can be reduced to a one-dimensional problem along the z1 © 2002 American Institute of Physics
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obtained from the real space Green’s function and tempera-
ture Kubo formula14 as
Tsz~Ez ,B ,Va!
5
2a2
Lz
2 Tr@G˜ sz~ j , j8!G˜ sz~ j821,j21 !
1G˜ sz~ j21,j821 !G˜ sz~ j8, j !2G˜ sz~ j , j821 !
3G˜ sz~ j8, j21 !2G˜ sz~ j21,j8!G˜ sz~ j821,j !# , ~3!
where G˜ sz( j , j8)5@Gsz(Ez1i«; j , j8)2Gsz(Ez2i«; j , j8)#/
2i with Gsz( j , j8) the matrix element of the real space
Green’s function. Once we obtain the transmission coeffi-
cient, the average spin-dependent current density is given by
Jsz~B ,Va!5J0B (n50
‘ E
0
1‘
Tsz~Ez ,B ,Va!
3H f FEz1S n1 12 D\vc1VsG
2 f FEz1S n1 12 D\vc1Vs1eVaG J dEz , ~4!
where J05e2/4p2\2.
In Fig. 1 spin-dependent transmission coefficients are
plotted as the function of the incident energy Ez for electron
traversing a ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe hetero-
structures at zero bias and under several forward and reverse
biases. In all of the graphs, we use me*50.16me ~me is the
mass of the free electron!, T54.2 K, and gs51.1. For x
50.04, N0a50.27 eV, T051.4 K, V0523 meV; for y
50.05, N0a50.26 eV, T051.7 K, V050 meV.15 We see
that there is large difference of the transmission for spin-up
and spin-down electrons. At zero bias, some resonant peaks
FIG. 1. Spin-dependent transmission coefficients for spin-up and spin-down
electrons traversing ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe heterostructures
at zero bias and under several forward and reverse biases. L15L2
550 nm, B54 T.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject toappear in the transmission spectrum for spin-down electrons,
while the transmission is drastically suppressed for spin-up
ones. It is interesting to note that under certain forward bias,
resonances can be enhanced for spin-up electrons, and then
resonances are suppressed when the bias further increases.
For spin-down ones, resonances can also be enhanced under
certain reverse bias. The results can be understood from the
following. Electrons in Mn-based systems interact with the
3d electrons of the localized magnetic moments of the Mn
ions via the sp-d exchange interaction. In an external mag-
netic field the sp-d exchange interaction gives rise to a giant
spin splitting DEs , thus the degeneracy of the spin-up and
spin-down electron states is lifted. With the magnetic field
increasing, the potential in the paramagnetic layers goes up
for spin-up electrons and goes down for spin-down ones.
Therefore, in our considered semimagnetic semiconductor
heterostructures under considered magnetic fields, spin-up
electrons see a steplike barrier while spin-down ones see a
steplike well ~see the insets!. Studies have shown that there
exists an interesting resonant enhancement effect in the
asymmetric step-barrier structure16 and large Stark shift in
the asymmetric step-well structure,17 which can be used to
explain spin-dependent enhancement and suppression found
here.
Figure 2 shows the current density as the function of the
applied bias under three fixed magnetic fields B51,2,4 T.
There are two typical features exhibited in the current den-
sity components J↑ and J↓ for spin-up and spin-down elec-
trons. One is that under a low forward bias and relatively
small magnetic field, J↓ is greater than J↑ . However, J↓
becomes smaller than J↑ when the forward bias is large
enough. The transition bias increases with the increasing of
the magnetic field. When the magnetic field becomes large,
one cannot see such a kind of transition. This is due to the
FIG. 2. Spin-dependent current densities as a function of the applied bias for
electrons traversing ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe heterostructures.
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spin-up electrons tunneling through the effective steplike po-
tential of the corresponding structure. The other typical fea-
ture is that when the direction of the electric field is reversed,
J↑ drastically decreases while J↓ slightly increases, which
results in larger spin polarization. Therefore, the proposed
structure displays obvious behavior of spin-filter diode.
In order to further see characteristics of the spin-filter
diode suggested, we plot the spin polarization of the trans-
mitted beam ~see Fig. 3!, which can be defined as P(B ,Va)
5@J↑(B,Va)2J↓(B,Va)#/@J↑(B,Va)1J↓(B,Va)#. It is easily seen
that the external ~electric- and magnetic-! fields greatly
change the polarization status of the tunneling electrons. The
larger the magnetic field, the higher is the degree of the
polarization. At a small magnetic field, the polarization
shows fine oscillations with the applied bias. If the magni-
tude of the electric field is not too small, the degree of the
spin polarization can be much higher under a reverse bias
than that under a forward bias, which further demonstrates
the fact that this kind of structure possesses features of spin-
filter diode. Therefore, the proposed device can play double
roles: spin filtering and diode function. These features can be
used to devise tunable spin-based multifunctional devices
such as spin filter, spin switch, and spin light-emitting diode
and so on. ZnSe-based semimagnetic ~or diluted magnetic!
semiconductors have been proven to be well suited for ap-
proaching the problem of spin manipulation, and can be very
useful to study fundamental effects involved in the spintron-
ics field. In fact, their technology is reasonably well devel-
FIG. 3. Spin polarization as a function of the applied bias for electrons
traversing ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe heterostructures. L15L2
550 nm.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject tooped because of the blue-green laser diode technology,
which makes the short term realization of the device sug-
gested in this letter realistic.18
In summary, we demonstrate characteristics of a spin-
filter diode based on ZnSe/Zn12xMnxSe/Zn12yMnySe/ZnSe
heterostructures. It is found that the degree of spin polariza-
tion can be greatly adjusted by the direction of the electric
field, thus the proposed structure displays significant features
of spin-polarization diode. It is also found that the spin po-
larization can reverse when the external magnetic field is not
too high, that is originated from resonant enhancement effect
for spin-up electrons tunneling through the effective steplike
potential of the corresponding structure.
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